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The choice of electrode for organic photovoltaics is known to be of importance to both device stability
and performance, especially regarding the open-circuit voltage (VOC). Here we show that the work function
of a nickel oxide anode, varied using an O2 plasma treatment, has a considerable influence on the open-
circuit voltage VOC of an organic solar cell. We probe recombination in the devices using transient
photovoltage and charge extraction to determine the lifetime as a function of charge-carrier concentration
and compare the experimental results with numerical drift-diffusion simulations. This combination of
experiment and simulations allows us to conclude that the variations in VOC are due to a change in surface
recombination, localized at the NiO anode, although only a small change in carrier lifetime is observed.
DOI: 10.1103/PhysRevApplied.4.024020
I. INTRODUCTION
Organic photovoltaics (OPV) have the potential to
provide a low-cost, lightweight, and flexible alternative
to solar cells based on inorganic technologies, especially
for the fabrication of large area devices [1,2]. The perfor-
mance and stability of OPV has steadily improved in recent
years; however, at approximately 10% it is still inferior to
that of inorganic technologies [3–6]. The development of
electrode materials to improve performance, processing,
and stability has received extensive interest recently [7,8];
however, the potential impact of recombination at the
active-layer–electrode interfaces is yet to be fully under-
stood. In this paper, we employ nickel oxide as an anode
interlayer in OPV devices and address how changes in cell
open-circuit voltage VOC, caused by modulation of the NiO
work function, can be understood in terms of changes in
charge-carrier density distributions and lifetimes in the
active layer of the device.
A key parameter defining photovoltaic performance is
the open-circuit voltage VOC. While the energetics of the
active layer have been shown on numerous occasions to
influence VOC [9,10], this is not the only defining param-
eter [11,12]. The VOC is often related to losses due to
nongeminate recombination of separated charge carriers at
the polymer fullerene interface, as defined by the active-
layer density of states and carrier lifetimes [13,14].
However, the VOC of organic solar cells can also be
reduced by recombination at the “wrong” electrodes, for
instance, recombination of holes in the semiconductor
with electrons at the cathode [15–17]. This surface-
recombination mechanism becomes more important when
the electrode is nonselective. Improved control of voltage
losses at the donor-acceptor heterojunction has resulted in a
growing appreciation of the importance of surface recom-
bination and the need to minimize such losses [17,18].
Our study uses experimental and modeling techniques to
investigate how electrodes impact the recombination kinetics
at open circuit. An ideal electrode alignment is one in which
the work function coincides with the HOMO or LUMO of
the active layer, leading to a minimal injection barrier for
majority carriers; this minimizes the equilibrium concen-
tration of minority carriers at that electrode, thus reducing
losses associated with recombination at this interface
[19,20]. Most previous studies of VOC focus upon the impact
of nongeminate recombination at the internal donor-acceptor
interface [13,21–26]. At present, it is unclear whether
changes in VOC due to surface recombination can also be
understood through changes in bulk charge-carrier density
and lifetime or whether gradients in the quasi-Fermi-level
near the electrode interface are also important. While there
are some experimental [16,18,27,28] and theoretical studies
into surface recombination [19,29–31], rationalizing surface
recombination by combining experiment and steady-state
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modeling is more limited. In this work, we combine charge
extraction (CE) and transient photovoltage (TPV) tech-
niques, widely employed to study the impact of bulk
nongeminate recombination losses at VOC [12,13,22], with
1D drift-diffusion modeling to investigate the effects of
surface recombination on the open-circuit voltage [27,31].
As a model system to investigate the influence of surface
recombination, we employ NiO as an anodic interlayer.
Metal oxide hole transporting interlayers such as NiO and
MoO3 are popular alternatives to PEDOT:PSS, which due
to its hygroscopic and acidic nature can lead to degraded
electrical properties [32–34]. By utilizing the effect of
an oxygen plasma treatment on NiO interlayers in
PCDTBT∶PC71BM devices, the energy offset between the
interlayer and the active layer can be varied in a controlled
manner [8].
II. MODELING BACKGROUND
At VOC, there is no net external current; therefore, a
balance between charge generation and charge recombi-
nation averaged over the device exists. Nongeminate
recombination dominates at open circuit due to high excess
carrier densities; the recombination flux R typically has an
observed dependence on the excess charge-carrier density n
of the order of greater than 2, which has been assigned to
the filling of a tail of trap states within the band gap of the
active layer [35–37]. While this recombination is normally
thought to occur at the internal donor-acceptor interface,
charges can also recombine at the contacts, which can have
a large influence on the achievable open-circuit voltage
of a device. CE is commonly used to provide an in situ
measurement of the variation in quasi-Fermi-level splitting
with charge density, i.e., of the average of the electron and
hole density of states (DOS). TPV provides a measurement
of the average lifetime of carriers which are able to
contribute to the voltage of the device. The recombination
kinetics can be investigated by combining the two tech-
niques to obtain the density dependence of the recombina-
tion lifetime. The measured lifetime includes both charges
that recombine at the donor-acceptor interface and at the
electrode, which makes it more difficult to separate the two
recombination pathways. To complement the experimental
data, steady-state 1D drift-diffusion simulations based on the
software advanced semiconductor analysis (ASA) are used
to simulate the CE and TPV measurements [19,36,38], as
described in theMaterials and Methods section. The plasma-
treated device is modeled first, and then only the anode work
function is varied to simulate the untreated device.
The current density lost through surface recombination,
JS, is usually defined in terms of the excess minority
carrier concentration Δnmin (electrons at the anode) at
the electrode–active-layer interface and the surface-
recombination velocity Smin [19]:
JS ¼ qSminΔnmin; ð1Þ
where q is the elementary charge. We expect all minority
carriers on reaching the wrong electrode (electrons at the
anode) to recombine with a majority carrier; therefore, Smin
is expected to be large and remain constant with respect to
the minority carrier density. However, it is possible that
Smin could be Δnmin dependent, in which case the surface-
recombination current would scale nonlinearly with Δnmin;
such nonlinear behavior is beyond the scope of the study
reported herein [19]. The effect of varying the surface-
recombination velocity for both majority and minority
carriers has been modeled previously [30,31]. We note
that majority carrier “surface recombination” corresponds
to charge extraction to yield the desired photocurrent; as
such, Smaj needs to be high. The physical meaning of a
small majority carrier surface-recombination velocity is an
extraction barrier that would eventually lead to S-shaped
light J-V curves. Experimentally, such S-shaped curves
are not observed for the devices studied herein; however,
S-shaped J-V curves could be observed in simulations when
Smin is reduced and are discussed further in Supplemental
Material [39]. The excess minority carrier concentration at
the cathode or anode at open circuit depends on the ability of
carriers to diffuse against the built-in field, which, depending
on the light intensity, is small at open circuit. Therefore, cell
thickness, carrier mobility, and the built-in voltage are
important factors in determining the influence of minority
carrier surface recombination.
III. RESULTS AND DISCUSSION
A. Device performance
An oxygen plasma treatment is used to vary experimen-
tally the work function of a nickel oxide hole transport layer
in a conventional bulk heterojunction device with structure
ITO=NiO=PCDTBT∶PC71BMð1∶2Þ=Ca=Al, as described
in the experimental section and demonstrated elsewhere
[28,40]. The work function of a NiO film after a 7-min
oxygen plasma treatment increased from 4.85 to 5.30 eV, a
change of 450 meV, measured by a Kelvin probe [41]. This
is in good agreement with previous measurements of NiO
films by Kelvin probe and UPS techniques [8]. Plasma-
treated NiO is therefore an attractive system for studies
of surface recombination due to the large shift in work
function in the range of common semiconducting polymer
HOMO levels such as PCDTBT (approximately 5.3 eV)
and P3HT (approximately 4.9 eV).
As observed elsewhere [8], this change in work function
leads primarily to a change in the open-circuit voltage (VOC)
with only small changes in fill factor (FF) and short-circuit
current density (JSC); a summary of device performance,
including power conversion efficiency (PCE), can be found
in Table I. The shift in VOC we observe is large, up to
458 mV. The VOC of the untreated NiO is much lower than
typically achieved for PEDOT∶PSS=PCDTBT∶PC71BM,
while the treated NiO has a comparable VOC. The size of
the observed effect demonstrates the importance of under-
standing how electrodes impact on device performance and
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measurements; such a large change could easily mask other
changes in active-layer design which might be of interest.
As shown in Fig. 1(b), VOC as a function of light
intensity shows approximately logarithmic behavior at
low light intensity as one would expect; however, at high
light intensity, the VOC in both devices appears to start to
saturate [42]. This is expected as, with increasing light
intensity, the quasi-Fermi-level splitting approaches the
built-in voltage [16,25]. One might expect the untreated
device to approach this limit at a lower voltage compared to
the O2 plasma-treated device. One can probe this limit in
more detail using high light intensity measurements as
demonstrated by Law et al. [43].
B. Device simulation
1D drift-diffusion simulations are carried out to elucidate
whether the origin of the shift in open-circuit voltage with
O2 plasma treatment could be explained solely in terms of a
change in the electrode work function. A reasonable set of
parameters is obtained from the full experimental data of
the treated device following the procedure detailed in the
materials and methods section and can be seen in Table II.
These compare well with previously published parameters
describing the PCDTBT∶PC71BM system [16]. Following
this, only the work function of the anode is allowed to vary
when simulating the untreated device. The impact of this
shift in work function upon the device simulations is found
to be largely independent of the specific set of other
parameters used to describe the device.
Figures 2(a) and 2(b) show band diagrams at open circuit
and 1-sun illumination obtained from the model using the
fitted parameters. The dashed colored lines denote the
electron and hole quasi-Fermi-levels, while the solid black
lines denote the conduction and valence band mobility
edges. The charge-carrier densities as a function of active-
layer thickness are shown in Figs. 2(c) and 2(d). It is clear
from the simulations that the quasi-Fermi-level splitting in
the middle of the active-layer bulk is expected to be almost
identical in both cases. This is consistent with the expect-
ation of little or no change in the active-layer generation
and ability to split the quasi-Fermi-levels. The main
difference between Figs. 2(a) and 2(b) is the position
and gradient of the quasi-Fermi-levels at the anode. In
Figs. 2(a) and 2(c), there are many more holes at the anode
than electrons. The recombination current of electrons at
the anode must be compensated by a hole current into the
anode to achieve zero net current. A hole (electron) current
density can be expressed as JpðnÞ ¼ pðnÞμpðnÞdEFpðnÞ=dx.
Because of the high hole concentration at the anode, the
gradient of the hole quasi-Fermi-level necessary to drive
this current is negligible, and so the hole quasi-Fermi-level
at the anode looks flat. In contrast, in the case shown in
Figs. 2(b) and 2(d), the work function of the untreated NiO
pins the quasi-Fermi-level in the middle of the gap, and the
electron and hole concentrations at the anode are therefore
very similar. The electron concentration is higher than in
Fig. 2(c), and therefore the surface-recombination current
of electrons at the anode is increased. This recombination
current must now be balanced by a hole current in order to
ensure zero net current at open circuit. Because of the
relatively low hole concentration at the anode (relative to
the case with plasma-treated NiO), the gradient of the
quasi-Fermi-level needed to drive this hole current is now
high and clearly visible. This implies that the splitting of
the quasi-Fermi-levels in the middle of the device can now
be substantially higher than the open-circuit voltage which
is defined by qVOC ¼ EFnðcathodeÞ − EFpðanodeÞ. It is worth
noting that, with the parameter set used, there is surface
recombination present at both electrodes and in both
devices, and it is the dominant recombination mechanism
leading to the observed open-circuit voltage.
FIG. 1. (a) Dark (dashed lines)
and illuminated under AM1.5
(solid lines) J-V curves for de-
vices made on untreated and O2
plasma-treated NiO. (b) Open-
circuit voltage versus illumina-
tion for both devices (crosses) as
well as predictions based on
experimental measurements of
the density dependence of
charge-carrier lifetime τn (open
symbols) and simulations based
on 1D drift-diffusion modeling
(solid lines).
TABLE I. Device performance summary.
Anode
interlayer
Pixel
area (cm2)
JSC
(mA cm−2)
VOC
(V) FF
PCE
(%)
Untreated
NiO
0.15 5.90 0.427 0.51 1.29
O2 plasma-treated NiO 0.15 5.88 0.885 0.59 3.11
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C. Simulation versus experiment
To evaluate this device simulation, we now compare with
both steady-state and transient experimental data. We start
by considering the ideality factor, which has been shown to
be an important parameter for understanding the dominant
recombination mechanism in solar cells [16]. The ideality
factor is introduced into the description of semiconductor
diodes to account for deviations from the ideal diode law
where the recombination current J ≈ exp ðqV=kTÞ. While
the ideality factor is usually determined experimentally
from the slope of the dark current-voltage curve, it is
typically explained and interpreted by considering the
dependence of the recombination rate. In order to under-
stand the recombination mechanism, most models attempt
to explain the ideality factor nid via the dependence of
recombination rate R on the splitting of the quasi-Fermi-
levels ΔEF at one position (essentially 0D models)
nid ¼
1
kT
dΔEF
d lnðRÞ : ð2Þ
Equation (2) allows one to directly interpret the ideality
factor in terms of different recombination mechanisms. For
example, Shockley-Read-Hall recombination via a deep
trap in the case n ¼ p would directly lead to nid ¼ 2 using
Eq. (2). However, in practice, it is usually not possible to
directly measure the recombination rate or quasi-Fermi-
level splitting. Instead, we have to find measurable quan-
tities that still allow the data to be interpreted. One way to
do that is to measure the open-circuit voltage as a function of
light intensity. At open circuit, no current is flowing, and so
all effects of the series resistance are minimized and ΔEF ¼
qVOC is valid at least in the bulk of the material. At open
circuit, the average generation rate and the average recombi-
nation rate are identical, so the light intensity ϕ is directly
proportional to the average recombination rate. Thus,
nid ¼
q
kT
dVOC
d lnðϕÞ ð3Þ
is a useful definition of the light ideality factor. However,
while the recombination rate is a quantity that can depend on
the position within the device, the light intensity is propor-
tional only to the average recombination rate. This means the
ideality factor averages over various different recombination
TABLE II. Drift-diffusion modeling parameter list.
Parameter Symbol Value Unit
Fixed parameters
Effective DOS NC;NV 1 × 1025 m−3
Capture coefficient of neutral tail states β0n;p 1 × 10−16 m3 s−1
Electron injection barrier φn 0.1 eV
Generation rate G 5 × 1027 m3 s−1
Temperature T 300 K
Surface-recombination velocity Smin 1 × 103 ms−1
Active-layer thickness d 8 × 10−8 m
Fitted parameters
Electron and hole mobility μn; μp 5.56 × 10−8 m2 V−1 s−1
Direct recombination coefficient βdr 3.41 × 10−16 m3 s−1
Capture coefficient of charged tail states βþ;−n;p 1.04 × 10−17 m3 s−1
Conduction and valence band tail slopes Ecb; Evb 0.107 eV
Tail state DOS NtailC ; N
tail
V 2.11 × 10
24 m−3 eV−1
Effective band gap Eg 1.31 eV
Hole injection barrier O2 treated φ
O2
p 145 meV
Hole injection barrier untreated φp 672 meV
Experimental parameters
Charge density dependence on VOC mO2 4.372
nO20 7.80 × 10
12 cm−3
Charge lifetime dependence on VOC ϑO2 1.544
τO20 6.10 × 10
3 s
Overall reaction order δO2 3.8
Charge density dependence on VOC m 3.413
n0 1.15 × 1014 cm−3
Charge lifetime dependence on VOC ϑ 1.276
τ0 0.40 s
Overall reaction order δ 3.7
SCOT WHEELER et al. PHYS. REV. APPLIED 4, 024020 (2015)
024020-4
mechanisms that may dominate the ideality factor at different
light intensities or open-circuit voltages.
The value of the ideality factor for OPV devices typically
lies between 1 and 2, as most OPV materials exhibit a
distribution of trap states extending into the electronic band
gap [16,44,45]. Avalue of 1 is associated with recombination
of free charges, while a value of 2 is expected for recombi-
nation of a free charge with a charge in a trap state. Surface
recombination typically is expected to have an ideality factor
of 1 if we assume that carriers trapped close to the electrodes
cannot directly recombine at the electrode [19].
It can be seen in Fig. 3(a) that the light ideality factor is
decreasing with increasing voltage for both devices; how-
ever, this occurs at a lower voltage for the untreated device,
attributed to the offset between the hole transport level
and the anode work function. Figure 3(b) shows the light
FIG. 2. Simulated band dia-
grams and total carrier densities
as a function of active-layer
thickness for O2 plasma-treated
NiO (a),(c) and untreated NiO
(b),(d). Band diagrams (a),(b)
show the mobility edge (solid
lines) and quasi-Fermi-level
splitting (dashed lines), while
arrows demonstrate the presence
of surface recombination. (c)
and (d) show electron carrier
densities (filled circles) and hole
carrier densities (empty circles).
The anode contact is located at
0 nm and the cathode at 80 nm.
FIG. 3. Measured (a) and
simulated (b) ideality factors at
different open-circuit voltages
for an untreated NiO-based
device (crosses) and a plasma-
treated NiO-based device (open
circles).
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ideality factor obtained from device simulations. It appears
to agree well with that measured experimentally, showing a
decreasing ideality factor towards one and, in the case of
the untreated device, below 1. As only the work function of
the anode is varied in the simulations, these results suggest a
shift in the dominant recombination mechanism from trap-
assisted bulk recombination at low voltages, nid > 1, to
surface free charge-carrier recombination at higher voltages,
nid ¼ 1, as observed in the band diagrams in Fig. 2.
In order to quantify the rate of recombination at open
circuit, the average excess charge-carrier density is required
and is measured by charge extraction. While a brief
description of the experimental procedure can be found
in the materials and methods section, the technique is
described in detail elsewhere [12,13,46]. Assuming Ohmic
contacts and complete collection, the charge extraction
measurement measures the amount of charge required for a
certain quasi-Fermi-level splitting to be achieved and is
therefore used as an in situ measure of the active layer
DOS. Previously [12,13,46], it has been observed that the
charge-carrier density measured by charge extraction in
organic solar cells depends exponentially on open-circuit
voltage and follows
n ¼ n0 exp

qVOC
mkT

ð4Þ
with the slope m varying between different samples.
Numerical simulations and experiments show that the
empirical slope m depends mostly on the shape of the
density of trap states, on doping, and on the device
thickness [19,35,46,47]. The experimental data at low light
intensity can deviate from this behavior due to shunt
resistance limitations and comparable charge density of
photogenerated carriers to that of the geometric capaci-
tance, as well as potentially poor spatial overlap of holes
and electrons. For this reason, fitting parameters m and n0
are obtained at high light intensity [13,46].
The experimental charge-carrier density at open circuit,
measured with CE, can be seen in Fig. 4(a). The major
difference between the NiO oxygen plasma-treated and
untreated devices is a large shift in open-circuit voltage at a
given charge density, corresponding to 407 mVat a charge-
carrier density of 2.0 × 1016 cm−3. Such a shift could be
attributed to a change in the active-layer energetics;
however, a similar shift is present in the simulation results
seen in Fig. 4(b). As we expect the energetic properties and
FIG. 4. Measured (a),(c) and
simulated (b),(d) charge-carrier
density n as a function of VOC
as measured from CE (a),(b)
and charge-carrier lifetime τ as
measured from TPV (c),(d). O2
plasma-treated NiO (open
circles) and untreated NiO
(crosses).
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density of states of the active layer to remain the same for
both devices, since the active layer is identical, we assign
this shift in voltage as a result of a change in the electrode
work function, as this is the only parameter varied in the
simulation. The similar values for charge density in both
cases is consistent with the observation that the quasi-
Fermi-level splitting in the bulk of the devices is similar, as
seen in the simulated band diagrams in Fig. 2. However, it
is apparent that, in the untreated device, this bulk quasi-
Fermi-level splitting is substantially greater than the Fermi-
level splitting at the device electrodes. The open-circuit
voltage measured no longer represents the splitting of the
quasi-Fermi-levels in the active-layer bulk; rather, it is only
a measure of the quasi-Fermi-level splitting at the electrode.
Therefore, the 407-mV shift thus represents a difference in
energetics between the photoactive blend adjacent to the
electrode and that in the bulk of the photoactive layer.
As well as a decrease in the VOC, both the experiment
and simulation show an increase in the slope ð1=mÞ for the
untreated device. It is possible to express the relationship
between the light ideality factor (nid) and the dimensionless
parameters ðmÞ and ðϑÞ, which describe the voltage
dependence of the carrier density [Eq. (4)] and the carrier
lifetime [Eq. (5)], respectively, as 1nid ¼ 1mþ 1ϑ, the derivation
of which can be found in Supplemental Material [48] and
elsewhere [19]. Just as surface recombination influences
the ideality factor at high light intensity, we also expect it to
influence the slope of nðVOCÞ. Therefore, in the case of
poor electrode alignment, the validity of m as defined in
Eq. (4) as a true measure of the active-layer DOS becomes
unreliable and should not be used as an assay of the active-
layer DOS. For example, such a problem could arise when
comparing devices fabricated during different electrode
evaporations.
A change in recombination kinetics can be observed
by looking at the charge density dependence of the carrier
lifetime, as shown from the experiment and simulation in
Figs. 4(c) and 4(d), respectively. This allows a comparison
of systems with differing voltage dependence of the charge-
carrier density. The total charge-carrier lifetime (τn) is
given by δτΔn, where τΔn is the lifetime of charges
generated from a small laser perturbation during TPV
measurements. This appears to follow the empirical relation
τΔn ¼ τΔn0 exp

−
qVOC
ϑkT

ð5Þ
as reported previously [12,13,21,35]. The overall reaction
order δ describes the n dependence of nongeminate
recombination and can be defined by δ ¼ mϑ þ 1.
It was shown previously [12] that the VOC could be
described as the sum of an energetic component and a
kinetic component such that
VOC ¼
1
q
ðIPD − EAAÞ −
nidkT
q
ln

JBI
Jgen

; ð6Þ
where IPD and EAA are the ionization potential and
electron affinity of the fullerene and polymer, respectively
(or, in this case, the energetics of the contacts), and JBI
represents the loss current at open circuit due to non-
geminate recombination as measured with CE and TPV.
Figure 4(c) describes the n dependence of the carrier
lifetime at open circuit, as measured experimentally from
TPV. There is a lengthening of the carrier lifetime in the O2
plasma-treated device, approximately 7 times longer than
the untreated device at a carrier density of 2.0 × 1016 cm−3.
This change in recombination kinetics is expected to lead to
an increase of about ΔVOC ≈
nidkT
q lnð7Þ ¼ 60 mV in VOC,
for an ideality factor of 1.17. The longer carrier lifetime is
in agreement with that obtained from simulations, which
also suggest a lengthening of the lifetime in the O2 plasma
device; however, the difference is slightly less pronounced
to that seen experimentally, partly due to the simulations
predicting a slightly higher charge density in the untreated
device than measured experimentally.
One might expect surface recombination and bulk
recombination to be linked, such that an increase in surface
recombination will reduce the bulk n, in turn decreasing the
rate of bulk recombination. It is perhaps no surprise that the
voltage shift expected from the observed change in recom-
bination is small compared to the larger shift in energetics.
Combining both the 400-mV shift from nðVOCÞ and the
60-mV shift from τðnÞ, our analysis is consistent with the
observed change in voltage from J-V measurements.
By definition, at open circuit, no external current is
present; therefore, all photogenerated charges must recom-
bine. It is possible to calculate the open-circuit voltage over
the range of light intensities measured based on our of
measurements of Jloss from the charge-carrier density,
lifetime, and JSC as previously demonstrated [21]:
VOC ¼
mkT
qδ
ln

δJSCτΔn0
qdn0

: ð7Þ
Figure 1(b) shows a good correlation between the
expected VOC from measurements of charge recombination
and the measured VOC as a function of light intensity. At 1
sun equivalent, the difference between the measured VOC
and the expected VOC is less than 5 mV. This demonstrates
that the experimental techniques account for both recombi-
nation pathways, nongeminate recombination in the active
layer bulk, and surface recombination at the electrodes;
therefore, the successful reconstruction of the device
voltage dependence with light intensity is possible. This
result does, however, demonstrate the importance of under-
standing the effect surface recombination has on these
measurements, in order that they not be misinterpreted as a
change in the inherent bulk recombination of the active
layer.
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IV. CONCLUSION
In conclusion, we investigate the effects of surface
recombination on measurements of recombination kinetics
in OPV by combining CE and TPV experimental tech-
niques with 1D drift-diffusion simulations. An O2 plasma
treatment is used to vary the work function of a NiO hole
transporting interlayer, which leads to an open-circuit
voltage change of 458 mV at 1 sun. The ideality factor
is observed to decrease below 1 at high light intensity,
indicating a shift in the dominant recombination mecha-
nism from trap-assisted bulk nongeminate recombination to
surface recombination at the electrodes. Measurements of
charge-carrier recombination at open circuit through CE
and TPV are successful in recreating a device open-circuit
performance in the presence of surface recombination over
the light intensity range studied. A reduction in the carrier
lifetime for a given charge density is observed, but its
effect on the open-circuit voltage is small compared to the
energetic shift caused by a reduction of the quasi-Fermi-
level splitting at the electrode due to recombination being
localized near the electrode where the voltage is measured,
rather than in the bulk. Drift-diffusion simulations are in
good agreement with the experiment throughout and show
the splitting of the quasi-Fermi-levels in the bulk remains
similar for both devices but is reduced at the electrode due
to surface recombination.
V. MATERIALS AND METHODS
A. Device fabrication
Devices are made with the layer configuration
ITO=NiO=PCDTBT∶PC71BM=Ca=Al. Initially, the com-
mercially available 25 × 25 mm2 ITO-coated glass sub-
strates are subjected to a standard solvent cleaning
sequence of detergent, water, acetone, and propan-2-ol
followed by ultraviolet ozone plasma treatment. The NiO
hole transporting layer is spin coated (spin rate, 4000 rpm;
acceleration, 10000 rpm=s; time, 40 s) from a nickel acetate
tetrahydrate precursor (0.2M in 1∶0.012 ratio 2-methoxye-
thanol:ethanolamine solvent mixture) and annealed in air at
250 °C for 30 min. After annealing, NiO layers are exposed
to oxygen plasma treatment at 155Wat 0.08 Torr for periods
between 0 and 8 min. This is followed by deposition of
a poly[N-900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-
di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT) and
[6,6]-phenyl C71-butyric acid methyl ester (PC71BM)
(1∶2 blend ratio, 30 mgml−1) active layer by spin coating
from a chlorobenzene solution (spin rate, 4000 rpm; accel-
eration, 2000 rpm=s; time, 10 s, giving a thickness of
80 nm). Fabrication is completed by evaporation of a
100-nm-thick Al electrode, preceded by 20 nm of Ca.
B. CE and TPV
Charge extraction, transient photocurrent, and transient
photovoltage measurements and analysis are carried out as
previously reported [13]. For CE and TPV measurements,
white-light illumination is provided by a ring of 12 white
LEDs capable of a power up to 7 suns, calibrated to device
performance as measured under simulated AM1.5 illumi-
nation. During CE, the device is held at open circuit under
varied illumination intensities for 500 ms to allow the
system to reach a steady state. Simultaneously, the light
source is switched off (approximately 200 ns) and the
device switched to short circuit. The resulting current
transient is measured across a 50-Ω resistor on a
Tektronix TDS3032 oscilloscope and integrated to obtain
the excess charge-carrier density following a correction for
the capacitive charge on the electrode and recombination
losses during extraction. During TPV and transient photo-
current (TPC), background illumination equivalent to that
used in CE is provided by the LEDs, while the pulsed
excitation is provided with a nitrogen-dye-pumped laser
with a fixed wavelength pump source. The excitation
wavelength used is 610 nm. Voltage transients are mea-
sured on a Tektronix TDS3032 oscilloscope and fitted with
a monoexponential to obtain the small perturbation carrier
lifetime.
C. Device modeling
1D drift-diffusion simulations are performed as previ-
ously described [19,36,38,49], by solving three coupled
differential equations: the Poisson equation and continuity
equations for electrons and holes. Bulk recombination is
treated as a sum of direct, as calculated from Langevin
theory [50], and trap-assisted recombination, calculated
from the tail recombination model as described previously
[36]. The boundary conditions for current density at the
contact is given by Jcontactðn;pÞ ¼ qSðn; p − n0; p0Þ, where
S is the surface-recombination velocity, n0 and p0 are the
equilibrium concentrations related to the injection barriers,
and n and p are carrier concentrations related to the quasi-
Fermi-level splitting. More detailed equations can be found
in Supplemental Material [51]. To compare with the CE
experiment, the charge density is calculated as follows,
where x is the spatial coordinate, d is the active layer
thickness, and ξbb is the blackbody photon flux:
nCE ¼
1
d
Z
d
0
nALðV; ξ; xÞ − nSC;darkð0; ξbb; xÞdx
þ nelectrode − ncapcor: ð8Þ
The first term is the total charge in the active layer,
the second term subtracts the charge present at short circuit
in the dark, and the third term corrects for the effects of
charge density on the electrodes, while the last term
subtracts the geometric capacitance as is done experimen-
tally. The charge lifetime at open circuit, to compare with
TPV, is given by the ratio of the excess carrier density and
recombination rate (R) τn ¼ nCER . A downhill simplex fitting
routine is used to minimize the difference between
SCOT WHEELER et al. PHYS. REV. APPLIED 4, 024020 (2015)
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the experimental and simulated results for the O2 plasma-
treated device, after which only the position of the electrode
work function is changed.
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